ABSTRACT
INTRODUCTION
One of the parameters which may show the effect of behaviour of different drivers for different countries is "start-up lost time". Start-up lost time is defined as the additional time, in seconds, consumed by the first few vehicles in a queue at a signalized intersection above and beyond the saturation headway, because of the need to react to the initiation of the green phase and to accelerate [1] . HCM [2] recommends that the minimum discharge headway be calculated as the average of the headways for the fifth through last queued vehicles. This approach implies that the first four vehicles affect all of the start-up lost time (i.e., N : 4) and it indicates that start-up lost time is generally about 2.0 sec/phase. There are many factors that affect the start-up lost time, some of which are listed below: -Vehicle type and gradient; -Pedestrians in the intersection; -Perception/reaction time which varies from driver to driver; -Psychological factors.
Minh and Sano [3] defined that start-up lost time is the time lost due to driver reactions and vehicle acceleration. The start-up lost time is estimated by the sum of the difference between the observed headway of each vehicle and saturated headway. A graphical presentation of start-up lost time is given in Figure 1 .
Driver start response time, which is an important indicator of driving characteristics, is another key parameter in the calculation of effective green time and determination of start-up lost time at signalized intersections. In literature, different values are suggested by various researchers: In one of the earlier studies on start response time Messer and Fambro [4] stated that, times except for the vehicle in the first position of the queue "1.0 second" for drivers' response time is acceptable; however, for the drivers in the leading position of the queue an additional delay of 2.0 seconds should be considered.
Institute of Transportation Engineers [5] and Akçelik et al. [6] both suggested 1.0 second for start response Lee and Chen [16] investigated the factors affecting the headways of the vehicles that passed straight through the intersection line and stated that the headway value was significantly affected by the queue length and the speed limit on the approach lane. Tong and Hung [10] analyzed the headway values obtained from signalized intersections using the method of artificial neural networks and determined that headway was affected by the queuing position, the type of subject or preceding vehicle and reaction times. Lin and Thomas [17] determined that the values of headway between the vehicles continued to decrease depending on the queuing position and showed that the headway value continued to decrease even after the fifteenth vehicle in the queue. Another study by Lu [18] showed that the headway values for small vehicles were smaller and the size of the vehicle in the first line of the queue had a significant impact on the headways of the other vehicles in the queue.
Regarding the determination of saturation flow value depending on the headways between the vehicles, it is seen that the headway values vary by time and different flow conditions even for the same region. The ideal saturation flow value is accepted as 1,800 pc/h/ln (passenger cars per hour per lane) in HCM 1985 and as 1,900 pc/h/ln in HCM 2000 [2, 19] . In HCM 2010, ideal saturation flow value is suggested as 1,900 pc/h/ln for metropolitan areas with population greater than 250,000 and as 1,750 pc/h/ln for other areas [1] . Furthermore, differences in saturation flow values are found in eastern and western countries owing to the differences in driver behaviours and flow characteristics [20] . It is considered that the differences in driver behaviours in Turkey, located at the intersection of the Asian and European continents, will also be reflected on the headway between vehicles and on the saturation flow values. There are very limited studies for Turkish drivers concerning the saturation flow value used in the analysis of signalized intersections.
Thus, Çalışkanelli [21] has found that, if the vehicles waiting in the queue were considered based on their positions, no statistically significant difference could be determined in the headway averages of the vehicles waiting at the 2nd or higher queue positions. In other words, the vehicles in the queue at the signalized intersections under examination achieved the saturated headway state as the vehicles in the 2 nd line. In this case, it might be stated that the headways obtained from the intersections did not display the generally observed clear tendency to decrease.
From above it is obvious that saturation headway, start-up lost time and start response time are significant parameters in determination of intersection performance at signalized intersection systems which are especially located in urban road network. Akçelik et al. [6] defined the relationship between saturation headway, start-up lost time and start response time of the leading vehicle in the queue as follows:
time. On the other hand, Bonneson [7] 
where, t r is the start response time (seconds); MNV is the manoeuvre type (for through passing vehicles MNV=0, for right turning vehicles MNV=1 and for left turning vehicles MNV = 2), GN is the gender of the driver (1 for male and 0 for female drivers) and CYL is the cycle time (seconds).
In literature, several researchers have emphasized that start response time has an important affect on saturation flow rate at signalized intersections [8, 10, 12, 13] . The ideal saturation flow rate is defined in Highway Capacity Manual 2010 as the equivalent hourly rate at which previously queued vehicles can traverse an intersection approach under prevailing conditions, assuming that the green signal is available at all times and no lost times are experienced, in vehicles per hour or vehicles per hour per lane [1] . The ideal saturation flow value is considered to be affected by the traffic flow conditions of the intersection approach lane under examination, geometric features and environmental factors.
Saturation flow is another important parameter that needs to be investigated in the performance analysis of signalization systems. When the previous studies were examined, it was determined that the method based on headway was widely used in literature. One of the oldest studies on the headway value at signalized intersections is the study conducted by Greenshields et al. [14] . In the study, the researchers examined the average headway depending on the queuing position and they found that the average headway value decreased from the first vehicle to the fifth vehicle in the queue and remained almost stable after the sixth vehicle until the last vehicle in the queue.
However, several researchers have found that headway values decrease as the queue length increases. In one of the earlier studies, Carstens [15] examined the start-up delay and vehicle headway values for different types of vehicles and stated that there was a decrease in the headway values depending on the queuing position.
presented. In the final section, the relationship between start-up lost time, saturation flow and start response time is discussed.
OBSERVATION STUDIES
Observations are made at eight selected intersections in Turkey. Six of these intersections are located in İzmir, one is located in Bursa and the last one is located in İstanbul. All intersections are located on the main arterials of İzmir, Bursa and Istanbul with relatively high traffic flows. They are also chosen because of convenience of video recordings and field measurements. Detailed information about the geometric features of these intersections is presented in Table 1 . The general specifications of these intersections can be summarized as follows: -Lane widths of lanes differ between 3.0~4.0 m; -The longitudinal grade values in the approach lanes of the intersections are below 1%; -No parking or bus stops exist near the observed approaches;
where t r is the start-response time of the leading vehicle in the queue (seconds), d a is the acceleration delay (seconds) and t s is the start-up lost time (seconds). Depending on the saturated headway, the saturation flow value can be computed as:
where S is the saturation flow (vehicles/hour) and h s is the average saturated headway (seconds). From the above it is clear that all three parameters are highly related with each other. In this study the parameters affecting the start-up lost time in Turkey will be defined and a model will be established to present the relationship between startup lost time, saturation flow as well as start response time with the behaviour of Turkish drivers. The paper is organized as follows: First the observation sites and observation methods are introduced. Then, analysis on queue discharge headways and start-up lost times is In HCM 2010, start-up lost time value is suggested as 2.0 seconds [1] . From Table 3 it is clear that the average of observations is greater than 2.0 seconds. It is also clear that the observed start-up lost time values differ in a wide range. This also gives a relatively high standard deviation value.
In literature, only a limited number of studies were carried out for the distribution of start-up lost time values. One of the latest studies belongs to Tan et al. [22] where they suggested a distribution function for start-up lost time values. In this study, various statistical distributions were examined to define the appropriate statistical distribution model. The analysis showed that Weibull Distribution is the statistical model which can be used to represent start-up lost times at signalized intersection approaches (Anderson-Darling value is 0.628 and P value is 0.102 for Weibull distribution). Figure 2 . 
The probability distribution curves of observed values f(t s ) and fitted Weibull distribution g(t s ) are presented in

Figure 2 -Cumulative distribution curves of observed values f(t s ) and Weibull predictions g(t s )
The probability density function of Weibull distribution can be written as:
where η and β are scale and shape parameters of Weibull distribution, respectively. Weibull distribution is generally used as a lifetime distribution in reliability applications [23] . Weibull distribution is used to represent the breakdown probability in traffic flows on highways and expressways and in gap acceptance analysis at -No pedestrians and cyclists exist on a negligible level.
-Parking is not allowed on approach lanes especially in the peak hours observed. Within the scope of the study, data were collected by means of video cameras which were placed on high buildings in order to capture the whole vehicle queues formed at the intersection lane. The recordings were generally performed by using two video cameras on weekdays when the weather conditions were favourable (with no rain), generally between 18:00 and 19:00 during peak traffic hours. Vehicle composition data are also collected from the recordings.
In the first stage, the queue lengths that occur during the red times and the queue discharge times of the approach lanes were determined. In the second stage of the study, the values of headway between the vehicles that began moving after a stop as the signal turned yellow were determined on the basis of the passages of the rear bumpers of the successive vehicles through the stop line. Unlike other vehicles, the headway value for the vehicles in the first line of the queue was measured by obtaining the time difference between the signal turning yellow from red and the passing of the rear bumper of the vehicle through the stop line.
Start response time can be defined as the average driver response time for the first vehicle to start moving at the start of the displayed green periods. For this purpose a video camera located near the stop line enabling both traffic signals and leading vehicle is utilized. An observer located in alignment with the signal and the leading vehicle recorded the start response time with a stop-watch The data obtained from both sources were crosschecked in order to obtain an accurate data set. The summary of obtained data is presented in Table 2 .
ANALYSIS ON START-UP LOST TIME
In literature the start-up lost time is defined as the total time difference between the saturation headway and the first four headways [1] :
In the equation i is the position of the vehicle in a queue, h i is the queue discharge headway of i-th vehicle (seconds) and h s is the saturation headway (seconds). In this study, [24, 25] . Thus, start-up lost time can be assumed as one of the measures of traffic breakdown at signalized intersections.
In the study an attempt is made to identify the parameters affecting the start-up lost time value. Cycle time, green time, lane width, traffic composition (percentage of minibus, bus and trucks), left or right turning rate of vehicles and queue lengths were used as independent variables. Using the mentioned parameters, a regression analysis was performed. Results show that start-up lost time (t s ) is affected by lane width (W L ), bus percentage in the queue (P bus ) and queue length (L q ) (Equation 6 ). However, the result of regression analysis is rather weak and it can only be used for an initial approach to understand the physical nature of start-up lost time. In Figures 3-4 , the effects of these parameters can be analyzed more clearly.
As depicted in Figure 3 it can be observed that start-up lost time increases as more vehicles join the queue. Although this result conflicts with the study of Li and Prevedouros [8] , it clearly shows that the first four vehicles in a queue move rather slowly and drivers tend to move faster and follow each other with smaller headways. On the other hand the start-up lost time decreases as the lane width increases. This is due to the drivers feeling safer and moving faster as the queue discharges. All parameters used in regression analysis are either related to geometric parameters or traffic management and flow characteristics of a signalized intersection approach. However, start-up lost time is strongly related to driver characteristics and environmental factors. One of the outstanding parameters which reflects driver characteristics is the start response time of leading drivers at a traffic signal. Figure 5 are used together, the effect of cycle time and manoeuvre type on start-up lost time can be predicted ( Figure 6 ). From Figure 6 it is clear that start-up lost time increases rapidly as cycle time increases. This shows that longer cycle times distract the drivers' attention. Results also indicate that lower start-up lost time values can be observed on left or right turning lanes. are very close to zero. This shows that they are both significant in defining hs. Thus, the results are similar to Equation 10 , and the sign of t r is negative. To evaluate the regression by analyzing the sum of squares of residual errors (SSE), F-test is also applied and its result is given below the 
In Figure 8 , a comparison of Equations 10 and 12 are presented (t r value is calculated from Equation 1 by assuming all vehicles are through passing and total cycle time is 90 seconds). From the figure it is clear that empirical function gives lower h s values. In other words, Equation 10 may lead an engineer to underestimate the capacity and overdesign a signalized intersection approach.
In Figure 9 , the effect of start response time and H avff on saturation flow is shown. As stated above, as
DISCUSSION ON SATURATION HEADWAY
Li and Prevedouros (2002), suggested the following equation for prediction of start-up lost time:
In the equation H avff is the average queue discharge headways of first four vehicles in the queue of a signalized approach (seconds). This equation can be rewritten as:
The relationship between start response time and start-up lost time is found in the previous section ( Figure 5) Figure 7 shows the comparison of observed and predicted values which are obtained by using Equation 10 . When Figure 7 is examined carefully, it is clear that although the slope of the comparison equation is relatively close to "1", R 2 value is found to be rather low.
To obtain a more suitable equation which reflects the relationship between saturation headway and t r and Havff values, a regression analysis is performed. The results of the regression analysis are shown in Table 4 and the obtained empirical function is given in Equation 12 . The regression analysis shows a very strong relationship between saturation headway and t r and Havff (R 2 =0.961). "t-stat" values of independent parameters of the model (H avff and t r ) are much greater than "2" and p-values of both independent variables response time increases. This is because the drivers in the 2 nd and higher rows of a queue have longer time to get prepared to discharge. The results of this study may be used in the capacity and performance analyses of signalized intersections. For further studies, the researchers may try to define better models for start-up lost time and start response time as they are found to be two important parameters which can be used in understanding the effect of human factor in traffic flow.
the t r value increases, saturation flow also increases. On the other hand, there is an inverse relation between H avff and the saturation flow. 
CONCLUSION
This study tries to identify the relationship between queue discharge headways, start response time and start-up lost time. In the light of detailed analysis, the following results can be reached: -Weibull Distribution is the statistical model which can be used to represent start-up lost times at signalized intersection approaches. As Weibull distribution is generally used as a lifetime distribution in reliability applications; it can be said that start-up lost time can also be assumed as one of the measures of traffic breakdown at signalized intersections. -Lane width and bus percentage are other two parameters which are related to start-up lost time. Start-up lost time decreases as the lane width increases. This is because drivers feel safer and move faster as the queue discharges. On the other hand, start-up lost time value increases rapidly when queue length exceeds 17 veh/ln and percentage of buses reaches 20~25%. The results also indicate that start-up lost time increases as cycle time increases and lower start-up lost time values can be observed in left or right turning lanes. -Start-up lost time is highly related to start response time of the leading driver in the queue. By using this approach, saturation headway value can be calculated by using the average queue discharge headways of the first four vehicles in a queue and start response time (Equations 10 and 12 ). -Another important result of the study is the decrease in saturation headways while the start
